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Reconstructing a tree of life by inferring evolutionary history is an
important focus of evolutionary biology. Phylogenetic
reconstructions also provide useful information for a range of
scientific disciplines such as botany, zoology, phylogeography,
archaeology and biological anthropology. Until the development of
protein and DNA sequencing techniques in the 1960s and 1970s,
phylogenetic reconstructions were based on fossil records and
comparative morphological/physiological analyses. Since then,
progress in molecular phylogenetics has compensated for some of the
shortcomings of phenotype-based comparisons. Comparisons at the
molecular level increase the accuracy of phylogenetic inference
because there is no environmental influence on DNA/peptide
sequences and evaluation of sequence similarity is not subjective.
While the number of morphological/physiological characters that are
sufficiently conserved for phylogenetic inference is limited, molecular
data provide a large number of datapoints and enable comparisons
from diverse taxa. Over the last 20 years, developments in molecular
phylogenetics have greatly contributed to our understanding of plant
evolutionary relationships. Regions in the plant nuclear and
organellar genomes that are optimal for phylogenetic inference have
been determined and recent advances in DNA sequencing techniques
have enabled comparisons at the whole genome level. Sequences from
the nuclear and organellar genomes of thousands of plant species are
readily available in public databases, enabling researchers without
access to molecular biology tools to investigate phylogenetic
relationships by sequence comparisons using the appropriate
nucleotide substitution models and tree building algorithms. In the
present review, the statistical models and algorithms used to
reconstruct phylogenetic trees are introduced and advances in the
exploration and utilization of plant genomes for molecular
phylogenetic analyses are discussed.
Keywords Bayesian methods, distance methods, maximum likeli-
hood methods, maximum parsimony methods, molecu-
lar evolution
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I. INTRODUCTION
Phylogenetic inferences are not only used for reconstruct-
ing the evolutionary history of living things on earth, but also
provide evidence of the climatic and geological history of the
earth. A phylogenetic tree displays taxonomic groups in a hier-
archical order (Futuyma, 2005). For example in a species den-
drogram reconstructed according to hierarchical clustering,
the hypothesized evolutionary history of a species is displayed
as a branching tree (Figure 1). In such a tree, species or taxo-
nomic groups whose evolution from a common ancestor is rel-
atively recent, share a common branch point (node) and they
are clustered together as a monophyletic group. The first com-
mon node shared by two sister taxa represents the hypothetical
common ancestor. The number of characters shared among
taxa increases toward branch tips. This means that two sister
taxa share a greater number of common characters than the
clade they constitute shares with another clade.
While fossils seem to be the ideal material for evolutionary
research, the incompleteness of the fossil record makes it
impossible to reconstruct a complete tree of life. Moreover, in
most cases, fossils enable observation of only morphological
characters. Thus, many scientists have moved toward compar-
ative morphological and physiological analysis (Nei and
Kumar, 2000). However, phylogenetic analysis based on only
morphological/physiological data has several shortcomings.
One of the most important of these is the limited number of
data points provided by such comparative analyses. Progress
in molecular biology has led to the increased use of sequence
data in phylogenetic analysis. In addition to the vast number
of potential data points provided by DNA/peptide sequence
analysis, it is important to note that, except for a group of
viruses that store their genetic information in the form of
RNA, DNA is the common genetic material of all life forms.
Thus, analysis at this level enables the comparison of organ-
isms from diverse taxa. For example, it is possible to perform
a phylogenetic analysis that includes both plant and animal
species by using molecular data whereas such a comparison
would be impossible using morphological characters. In addi-
tion to the limited number of morphological/physiological
characters and an inadequate level of their conservation among
diverse taxa, another critical issue is that such characters are
often subject to the variable influence of the environment. A
morphological character that is manifested similarly in two
taxa is not necessarily an ancestral or shared derived character
and similarity may be the result of environmental influence,
mimicry or convergent evolution. Thus, phylogenetic analysis
based on such a character would be misleading. Moreover,
evolutionary change of morphological/physiological charac-
ters is a complex process, involving multiple independent and
dependent events that define a change in a single character. It
should be kept in mind that the consequent phenotype is a
result of the combinatory effect of the genotype and the envi-
ronment, including the physiological and cellular environ-
ments that modulate the expression of the genotype. As a
result of such complexity, it is difficult to extract information
that correctly reflects evolutionary history. In addition, inter-
pretation of such characters requires expertise and there is the
risk of subjectivity. Due to these shortcomings and problems,
trees reconstructed based on morphological comparisons often
reflect inconsistent phylogenies (Nei and Kumar, 2000). How-
ever, regardless of the type of data used, it should be noted
that, phylogenies are reconstructions of evolutionary events
and are inferred from the available evidence. Therefore, every
phylogenetic tree is indeed an estimation.
For researchers who are interested in using sequence data in
their analyses, clade specific databases such as TAIR for Ara-
bidopsis (Swarbreck et al., 2008), Gramene for grasses (Liang
et al., 2008), SGN for Solanaceae (Bombarely et al., 2011),
GDR for Rosaceae (Jung et al., 2008) and LIS for legumes
(Gonzales et al., 2005), and the GenBank database that hosts
all publicly available sequences (Benson et al., 2013) consti-
tute freely and readily accessible data resources. In addition,
comparative plant genomic databases such as GreenPhylDB
(Conte et al., 2008), Plaza (Proost et al., 2009) and Phytozome
(Goodstein et al., 2012) provide both sequence data and analy-
ses of plant genomes and genes, therefore, enable both data
mining and comparative evolutionary analyses of plant genes.
II. MOLECULAR PHYLOGENETICS
A. Evolutionary Changes in Amino Acid Sequences
Substantial progress in molecular phylogenetics was made
during the 1960s and 1970s due to the development of protein
F_IG. 1. A representative phylogenetic tree displaying the evolutionary rela-
tionships among nine plant species. In the tree, divergence events are repre-
sented as bifurcations at each node with relatively more recent events toward
the branch tips. The topology of the displayed phylogenetic tree consists of
two clades (Clades A and B) and one outgroup (Species 9). A clade is a group
of taxa that are descended from a common ancestor. In Clade A, the common
hypothetical ancestor shared by species 1-4 is indicated as Node 1. The out-
group (Species 9) is equally distant from Clade A and B, and indicates the root
of the phylogenetic tree. A monophyletic clade consists of a common ancestral
taxon with all its descendent taxa. Clade A and B are two monophyletic clades.
Sister taxa are taxa that diverge from the most recent common ancestor. Spe-
cies 1 and 2 are sister taxa and their common hypothetical ancestor is indicated
as Node 2.
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sequencing methodologies (Graur and Li, 2000). Work with
protein sequences during these two decades led to the molecu-
lar clock (Zuckerkandl and Pauling, 1962, 1965; Margoliash,
1963) and evolution by gene duplication (Ingram, 1963; Ohno,
1970) hypotheses. Since the development of rapid and reliable
DNA sequencing techniques (Sanger et al., 1977), nucleotide
sequence data have been extensively used in phylogenetic
studies. However, amino acid sequences are more conserved
than nucleotide sequences and optimal alignment of the nucle-
otide sequences of protein-coding genes requires a reference
peptide sequence to define the homologous sequence portions.
Thus, amino acid sequences are still very valuable for phylo-
genetic analyses. Mutations that are fixed in DNA sequences
by natural selection and/or genetic drift (Hartl and Clark,
1997) constitute the basis of evolution (Nei and Kumar, 2000).
However, over long evolutionary periods, a large number of
nucleotide substitutions accumulate, resulting in a loss of
information for accurate alignment of DNA sequences. Due to
the degeneracy of the genetic code (Watson et al., 2008), not
every nucleotide substitution is manifested as an amino acid
substitution in a peptide sequence. As a result, amino acid
sequences display a higher degree of conservation over evolu-
tionary time. Therefore for a more accurate approximation of
the true phylogeny, amino acid sequences should be used
instead of nucleotide sequences when investigating evolution-
ary relationships among organisms from distant taxa.
Phylogentic comparisons of proteins require the alignment of
peptide sequences using multiple sequence alignment programs
such as ClustalW (Thompson et al., 1994) and MUSCLE
(Edgar, 2004). Although insertions and deletions (indels) occur
in peptide sequences over the course of evolution, indels are
often eliminated while calculating the extent of divergence
between two sequences and only substitutions are taken into
account. The simplest measure of the extent of evolutionary
divergence between two peptides is the number of amino acid
differences (nd). However, because the real extent of evolution-
ary divergence is determined not only by the number of amino
acid substitutions but also by the length of the compared
sequences, a more reliable measure of divergence is not the
number, but the proportion of amino acid substitutions. This
proportion is referred to as p distance. A lower p distance is
associated with more recent divergence of two taxonomic units.
Such a relationship between divergence time and p distance
suggests that, for a given peptide sequence, the number of accu-
mulated amino acid substitutions increases with increasing time
after divergence (Nei and Kumar, 2000). This observation led
to the molecular clock hypothesis which states that a roughly
linear relationship exists between the number of amino acid sub-
stitutions and divergence time (Zuckerkandl and Pauling, 1962;
Margoliash, 1963; Zuckerkandl and Pauling, 1965). When the
molecular clock hypothesis is valid and, thus, the rate of substi-
tution for a given protein/DNA sequence among lineages is con-
stant, p distance can be used to estimate the time of divergence
from a common ancestor (Futuyma, 2005).
In cases where there is not a linear relationship between p
distance and time of divergence, the molecular clock is invalid
(Nei and Kumar, 2000). One reason for the deviation from a
linear correlation is superimposed substitutions (multiple hits)
that occur at a single locus. Multiple hits lead to a discrepancy
between the actual number of amino acid substitutions and the
number counted (nd) (Nei and Kumar, 2000). To take into
account multiple hits, PC distance (Poisson Correction dis-
tance), calculated using the Poisson distribution (Zuckerkandl
and Pauling, 1965), can be used, and is a more accurate esti-
mation of the number of substitutions compared to p distance.
A second reason for a nonlinear correlation between diver-
gence time and p distance is functional constraint which
causes differential conservation of individual amino acid resi-
dues in a peptide sequence. p distance is calculated with the
assumption of a constant substitution rate over an entire pep-
tide sequence (Nei and Kumar, 2000). Multiple hits and differ-
ential substitution rates are not taken into account in p
distance. Substitution rate varies with the functional constraint
of the sequence being considered (Kimura, 1983). Strong func-
tional constraint prohibits or limits alteration of an amino acid
for a site to a narrow range of alternative amino acids, result-
ing in a relatively slow rate of substitution and evolution
(Blouin et al., 2003; Barriere et al., 2011). The actual, differ-
ential substitution rates for different sites in a peptide vary
according to the gamma distribution (Ota and Nei, 1994).
Gamma distance (dG), is the distance corrected according to a
gamma distribution with an appropriate gamma parameter.
The gamma parameter is estimated based on the principle that,
when the rate of substitution among sites follows a gamma dis-
tribution, the observed number of substitutions per site follows
a negative binomial distribution. The gamma parameter is also
called the shape parameter, as the shape of the gamma distri-
bution depends on the value of the gamma parameter a (>0).
When a  1, the distribution is exponential, and for values of
a greater than 1, the gamma distribution starts to resemble nor-
mal distribution. Smaller values of a (<1) reflect greater varia-
tion in substitution rates among sites (Yang, 1996; Nei and
Kumar, 2000). The difference between the values of p distance
and dG increases with an increasing number of different amino
acids (i.e., increased divergence) between two peptides. Simi-
larly, the smaller the number of amino acid differences
between two peptides, the lower the discrepancy between dis-
tances calculated using these two methods. In cases where the
calculated p distance is lower than 0.2, and a is higher than
0.65, the difference between p and dG is insignificant and p
distance is preferentially used, as it is based on a simpler
model with fewer parameters (Nei and Kumar, 2000).
In a peptide sequence, not only the position of an amino
acid, but also the amino acids that interchange, define the sub-
stitution rate of a given site. Due to similar biochemical prop-
erties, some amino acids, such as lysine and arginine which
are both basic, are more likely to interchange over the course
of evolution (Dayhoff, 1972). Grishin distance (dR) (Grishin,
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1995) takes into account the differential probability of inter-
change between amino acid pairs. Another method for estimat-
ing evolutionary relationships among peptides is an empiricial
method developed by Dayhoff et al. (1978). This method uses
an amino acid substitution matrix that displays the probability
of interchange between amino acid pairs that was constructed
using data from experimental work with well-conserved pro-
teins such as hemoglobins, cytochrome c and fibrinopeptides.
Using this matrix, amino acid substitutions over the course of
evolution are estimated for a given peptide and Dayhoff dis-
tance (dD) between peptides is calculated.
Calculation of Gamma, Grishin and Dayhoff distances
takes into account factors that influence the evolution of pep-
tide sequences theoretically resulting to a more accurate esti-
mation of evolutionary relationships. However, more complex
substitution models introduce additional parameters to the cal-
culation of distance which, in turn, result in higher variances
and standard errors in these estimates. Therefore, when the
divergence time of the taxonomic units under study is rela-
tively recent, it is more appropriate to use simpler substitution
models for more precise calculations. For example, when p
distance is below 0.2, there is no need to use more complex
models, p distance itself should be used (Nei and Kumar,
2000).
B. Evolutionary Changes in DNA Sequences
Genomes are composed of different types of nucleotide
sequences, such as coding regions, non-coding regions, exons,
introns and repetitive elements. Evolution of these distinct
sequence types follows different patterns, thus their analysis
requires different statistical models (Nei and Kumar, 2000;
Graur and Li, 2000).
In protein coding sequences, degeneracy of the genetic code
(Watson et al., 2008) results in differential substitution rates
for the first, second and third codon positions. Degeneracy
refers to the fact that 61 codons encode only 20 amino acids,
therefore some codons, called synonymous codons, encode the
same amino acid. The second nucleotide in a codon is con-
served among synonymous codons and all changes at this
codon position are nonsynonymous and result in an amino
acid substitution. However, changes in the first and third posi-
tions of codons are more likely to be synonymous. In fact due
to wobble, only 31% of substitutions at the third position alter
the amino acid sequence (Nei and Kumar, 2000). Thus, a
mutation in the second codon position will have a low proba-
bility of fixation because of purifying (negative) selection
while a mutation in the third position will more likely get fixed
over the course of evolution. In addition, depending on the
strength of functional constraint, nonsynonymous substitutions
in coding sequences are eliminated by purifying selection or
may be fixed if the mutation introduces a selective advantage.
Different DNA sequences diverge from a common ances-
tral sequence as a result of nucleotide substitutions. A simple
measure of the distance between two DNA sequences is the p
distance. p distance is the proportion of different nucleotides
between two sequences determined by counting the total num-
ber of differences and dividing by the total number of nucleoti-
des in the sequence examined. As with amino acid sequences,
however, increasing evolutionary distance will result in a con-
comitantly increasing discrepancy between the calculated p
distance and actual evolutionary distance. Multiple hits includ-
ing parallel and convergent substitutions accumulate over evo-
lutionary time and are the cause of this discrepancy (Nei and
Kumar, 2000). Therefore, mathematical models are essential
for better estimation of the evolutionary distance between
nucleotide sequences with greater evolutionary divergence.
The Jukes-Cantor model of nucleotide substitution (Jukes
and Cantor, 1969) is among the simplest models. While this
model includes the probability of multiple substitutions at the
same site in distance estimation, differential substitution rates
of individual nucleotides in a sequence are not taken into
account. Thus, only one substitution rate is used to estimate
the probability of change from one nucleotide to any other
nucleotide at a particular site. In addition, transitional and
transversional mutation rates are assumed to be equal in the
model. Although experimental data indicate that the probabili-
ties of transitional and transversional mutations are often not
equal and that transitions are more likely to occur (Nei and
Kumar, 2000), the Jukes-Cantor model is often sufficient to
obtain good estimates of divergence time and for reconstruc-
tion of phylogenetic trees.
If, however, the difference between transition and tranver-
sion rates is very high, a more appropriate model should be
selected. Kimura’s two parameter model (Kimura, 1980)
includes estimates of both transition and transversion rates in
distance calculations. Similar to Kimura’s two parameter
model, transition/transversion bias is included in Tamura’s
nucleotide substitution model (Tamura, 1992). In addition,
Tamura’s model extends Kimura’s two parameter model by
taking into account the unequal nucleotide frequencies in a
DNA sequence. Many models assume that all four nucleotides
occur at equal frequencies in a sequence. However, this is gen-
erally not the case and a GC content of 50% is rarely observed.
For example, it is known that the GC content of coding por-
tions of the genome is higher than that of non-coding portions
(Messeguer et al., 1991). In addition to the models described,
there are other substitution models such as Hasegawa’s (Hase-
gawa et al., 1985) and Tamura and Nei’s (Tamura and Nei,
1993), which involve more parameters and require more com-
plicated calculations.
Equal substitution rates for all sites in a DNA sequence is
an assumption of all of the models described above. However,
as with peptide sequences, substitution rates may not be equal
for all genomic regions. For example, substitution rates of
intronic regions are often higher than that of exonic regions
due to lower selection pressure on non-coding sequences. The
bias in substitution rates across different sites follows a gamma
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distribution and can be corrected by using an experimentally
determined gamma parameter (a). Taking into account substi-
tution rate bias is a more realistic approach and gamma dis-
tance will give a more accurate measure of the extent of
divergence, which is represented in the form of branch lengths
in a phylogenetic tree. However, at the same time, the gamma
parameter introduces additional variance to a distance esti-
mate. Therefore, unless the number of nucleotides compared
is significantly high, gamma distance does not necessarily esti-
mate a more accurate phylogeny (Nei and Kumar, 2000).
Given the availability of so many models of nucleotide sub-
stitution, model selection is an important consideration for
every phylogenetic study. Model choice should be made
according to preliminary knowledge of the taxonomic units
and DNA sequence under study. Simpler models that involve
fewer parameters are more suitable for closely related nucleo-
tide sequences. Greater evolutionary distances may require
additional parameters, thus, more complex models. However,
using a more complex model that better fits the data set is not
a prerequisite to obtain the correct topology when reconstruct-
ing a phylogenetic tree. Indeed, the more complex the substitu-
tion model, the higher the variance calculated. Thus, although
a correct mathematical model will result in more accurate
branch length calculations, it may not be as efficient in reflect-
ing the true evolutionary topology (Nei and Kumar, 2000).
C. Reconstruction of Phylogenetic Trees
Because evolutionary history cannot be directly observed, it
must be inferred by comparative morphological/physiological
or molecular analyses. Reconstructing a tree of life by resolv-
ing evolutionary and genealogical relationships among organ-
isms has been an important focus of evolutionary biology
since the late 1800s (Futuyma, 2005). In addition to showing
the evolutionary relationships among taxa, phylogenetic trees
are useful for understanding adaptive evolution and the evolu-
tion of multigene families. Several statistical methods are
available for reconstructing phylogenetic trees based on
molecular data. Such methods can be classified into three
main groups: distance methods, parsimony methods and maxi-
mum likelihood methods (Nei and Kumar, 2000). Different
algorithms are available for processing nucleotide or amino
acid sequences to generate phylogenetic trees that reflect the
estimated evolutionary relationships among taxonomic units.
In a phylogenetic tree, inferred evolutionary relationships are
displayed by tree topology and branch lengths. Therefore,
approximation of these two parameters should be as accurate
as possible. While branch length calculations are based on rel-
atively simple statistical models, estimation of the true topol-
ogy is challenging due to the large number of possible
topologies. For example, when reconstructing a rooted phylo-
genetic tree of five taxa, the number of alternative topologies
calculated according to Cavalli-Sforza and Edwards (1967) is
105, and for six taxa, it is 945. Thus, small increases in the
number of taxa examined lead to drastic increases in the num-
ber of alternative topologies. When ten taxa are examined
with the same method, the number of alternative topologies
becomes so high that algorithms may be required to limit the
search to a subset of topologies.
1. Distance methods
Distance methods rely on simpler calculations and algo-
rithms compared to parsimony, maximum likelihood and
Bayesian methods. Distance methods include UPGMA
(Unweighted Pair Group Method with Arithmetic Averages),
Least Squares, Minimum Evolution and Neighbor Joining.
UPGMA (Sokal and Michener, 1958; Sneath and Sokal,
1973) is considered the simplest of distance methods. This
method assumes a constant rate of substitution among line-
ages. In the UPGMA method, evolutionary relationships are
determined according to a substitution model and a distance
matrix is generated for clustering. A distance matrix can be
based on biochemical, morphological or DNA/protein
sequence data and presents pairwise distances for each pair of
taxa under study. In UPGMA, clustering starts with the two
taxa with the smallest distance and these taxa are treated in the
subsequent step as a composite taxon. The next step is the re-
calculation of distance values to generate another distance
matrix to determine a new pair of taxa with the smallest pair-
wise distance. The process continues until all taxa are clus-
tered. Because of its simplistic nature, UPGMA may result in
an incorrect topology when the molecular clock hypothesis is
not valid for the lineages examined (Nei and Kumar, 2000).
For this reason, UPGMA is not recommended for phylogenetic
analysis but can be used for other types of clustering analyses.
While the UPGMA method involves the assumption of a
constant molecular clock, the Least Squares method allows
unequal rates of substitution for different lineages. Thus, the
Least Squares method is more appropriate when the rate of
evolution is not constant among lineages. In this method, the
residual sum of squares is calculated for every possible topol-
ogy, and the topology that gives the smallest value is selected.
The Fitch-Margoliash (Fitch and Margoliash, 1967) or the
least squares method (Rzhetsky and Nei, 1992, 1993) is used
to calculate branch lengths. The Least Squares method ensures
the selection of the topology with branch lengths comparable
to the actual ones.
The Minimum Evolution method relies on a mathematical
proof (Rhetsky and Nei, 1993) which states that, when
sequence estimates do not deviate from real evolutionary dis-
tances, regardless of the number of sequences compared, the
sum of branch lengths (S) is smallest for the topology that
reflects the true phylogeny. S is calculated for all possible
topologies to find the one with the smallest S. When the num-
ber of taxa for analysis is high, topology selection with such
an algorithm is time consuming. Thus, the method can be used
in combination with the Neighbor Joining method to reduce
458 A. O. UNCU ET AL.
analysis time. In the combined approach, a Neighbor Joining
tree is initially generated and S is calculated for the possible
trees that are similar to the Neighbor Joining tree. The algo-
rithm searches for a topology with a smaller S value compared
to the Neighbor Joining tree, and this tree is selected as the
provisional Minimum Evolution tree. The search for a smaller
S continues by analyzing topologies that are similar to the pro-
visional tree. The process proceeds until no other alternative
topology with a smaller S value is left (Nei and Kumar, 2000).
The Neighbor Joining method relies on the minimum evo-
lution principle and is a simplified version of this method (Sai-
tou and Nei, 1987). In order to shorten the time for data
processing, the Neighbor Joining algorithm does not analyze
every possible topology. Instead, the minimum evolution prin-
ciple is used while clustering each taxon. The algorithm first
generates a star-like tree where all lineages branch from a sin-
gle point. Then, every possible pair of taxa is tested as neigh-
bors to find the two taxa with the smallest S. These two taxa
are then treated as a composite taxon to be tested as neighbors
with the remaining taxa, in search of the smallest S. The pro-
cess is complete when all taxa are clustered.
Distance methods are often criticized for being too simplis-
tic. However, they are far faster than more sophisticated and
potentially more accurate methods such as Maximum Likeli-
hood and Bayesian inference. This simplicity becomes an
advantage when dealing with computationally challenging,
massive datasets that require speed in data processing (Pardi
and Gascuel, 2012). The most frequently used distance
method, Neighbor Joining, was proven to be consistent in pro-
ducing accurate phylogenies with exact distances or distances
with very small errors. However, when dealing with distant
taxa, distance methods may yield incorrect topologies as errors
of distance estimates increase exponentially with increasing
sequence divergence (Bruno et al., 2000). Nevertheless, to
date, Neighbor Joining is the most cited method in phyloge-
netics (Pardi and Gascuel, 2012) and phylogenetic software
packages are still being extended with new tools for distance
based evolutionary analysis (Popescu et al., 2012).
2. Maximum Parsimony methods
The Maximum Parsimony method was initially developed
for morphological characters and was used with amino acid
sequence data for the first time by Eck and Dayhoff (1966).
Maximum Parsimony algorithms for use with nucleotide
sequence data were developed by Fitch (1971) and Hartigan
(1973). These methods search for the topology that involves
the smallest number of evolutionary steps (nucleotide or
amino acid substitutions) and rely on fewer assumptions com-
pared to distance and likelihood methods. Compared to other
methods, Maximum Parsimony methods are more likely to
produce topologies closer to the true phylogeny for smaller
evolutionary distances. However, Maximum Parsimony meth-
ods reconstruct phylogenies under the assumption of a
molecular clock, leading to topological errors when the substi-
tution rate is not constant among lineages. In addition, the
probability of obtaining an incorrect topology increases with
an increasing number of parallel and reverse substitutions and,
therefore, an increasing number of sites that are identical by
state but not by descent, due to convergent evolution. The
method calculates the total number of substitutions in a nucle-
otide or amino acid sequence and selects the topology that
involves the smallest number of changes by neglecting the
probability of parallel and backward substitutions. Thus, the
Maximum Parsimony tree is the tree for which the tree length
(L) is at a minimum. Maximum Parsimony methods are
divided into two types: weighted and unweighted. In the
unweighted method, the possibility of nucleotide/amino acid
substitution is assumed to be constant in all directions. For
example transitional and transversional substitutions are
treated equally by the algorithm. Conversely, the weighted
method assigns different weights for different types of substi-
tutions. Therefore, the weighted method is more appropriate
when the rate of transitional substitutions is not equal to that
of transversional substitutions.
Several tree searching methods are used for selection of the
Maximum Parsimony tree. One of these is the Exhaustive
Search method which calculates L for every possible topology.
Since topology searching requires considerable processing
time, the method is not appropriate for analyses that involve a
large number of taxa. In contrast to Exhaustive Search, the
Specific Tree Search method calculates L only for potentially
correct topologies. For this method, preliminary knowledge of
the evolutionary relationships among analyzed taxa should be
available to eliminate incorrect topologies. The Branch and
Bound tree search method (Hendy and Penny, 1982; Kumar
et al., 1993) starts with the construction of a core tree that
involves three taxa. The tree search algorithm continues with
the addition of the remaining taxa to the core tree according to
an order determined by a maximum of the minimum algo-
rithm. An upperbound of tree length (Lu) is set for the elimina-
tion of topologies for which L exceeds Lu. The length of the
shortest tree is set as Lu at each cycle of the algorithm to
ensure that the topology with the shortest length is selected as
the most parsimonious tree at the end of the process. While the
method is effective for finding the true Maximum Parsimony
tree, it is time consuming when analyzing data sets of more
than 20 taxa (Nei and Kumar, 2000). Branch and Bound-like
algorithms, which are faster than the Branch and Bound
method, are available (Kumar et al., 1993). However, since
they examine fewer topologies, they may not be as effective as
the original Branch and Bound algorithm in finding the Maxi-
mum Parsimony tree.
Heuristic tree search is a relatively fast method which
examines only a subset of possible topologies. This method
involves the construction of a temporary provisional tree of
shortest length using a stepwise addition algorithm, and then
the application of Branch Swapping algorithms to find the
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Maximum Parsimony tree (Swofford and Begle, 1993). The
most frequently used Branch Swapping Algorithms are Near-
est Neighbor Interchange (NNI), Subtree Pruning Regrafting
(SPR) and Tree Bisection Reconnection (TBR). NNI examines
all trees that are different from the provisional tree by a topo-
logical distance of two. SPR separates the provisional tree into
two: the pruned tree and the residual tree. The pruned tree is
regrafted onto each branch of the residual tree to produce alter-
native topologies, in search of the Maximum Parsimony tree.
Similar to SPR, the TBR algorithm separates the provisional
tree into two subtrees. Subtrees are reconnected to produce
alternative topologies. Among the three algorithms, TBR is
the most frequently used, since it examines a larger number of
alternative topologies (Nei and Kumar, 2000). However, the
probability of finding the true topology decreases with an
increasing number of taxa even with the TBR algorithm (Mad-
dison, 1991). Application of multiple rounds of stepwise addi-
tion and TBR algorithms increases the chance of finding the
true Maximum Parsimony tree.
Maximum Parsimony methods tend to underestimate the
actual branch lengths. Therefore, they are often used for esti-
mating only topology with Least Squares or Maximum Likeli-
hood methods used for branch length calculations. When
multiple topologies are selected as equally parsimonious,
which is often the case, a composite tree, referred to as consen-
sus tree, is required to represent all of the alternative topolo-
gies. While there are several different types of consensus trees
(Swofford and Begle, 1993), the most frequently used are strict
consensus trees, majority rule consensus trees and bootstrap
consensus trees. Strict consensus trees display discrepancies
among the branching patterns of equally parsimonious trees by
multifurcations. In contrast, the branching patterns of majority
rule consensus trees are only displayed as bifurcations, follow-
ing the general assumption of evolutionary divergence as a
bifurcating process. In such consensus trees, only the branch-
ing patterns that appear over a certain frequency are repre-
sented. When constructing bootstrap consensus trees, the
reliability of the topology is tested using the bootstrap method.
In the bootstrap test, a set of nucleotide sites is randomly
resampled from the dataset with replacement, resulting in a
new dataset with an equal number of nucleotides as the origi-
nal dataset. This new, randomly resampled dataset is used to
construct a new tree and the process of resampling and recon-
struction is repeated multiple times (most commonly 1000s of
times). The reliability of the branching pattern of the consen-
sus tree is evaluated by calculating the percentage of times
that a given branching pattern appears in replicate bootstrap
trees. The bootstrap method is used not only to construct Max-
imum Parsimony consensus trees but also to test the reliability
of phylogenetic trees reconstructed with all of the described
methods.
The primary disadvantage of parsimony is that parameters
that alter sequence evolution cannot be incorporated into the
method. Therefore, superimposed and parallel substitutions
lead to unreliable topologies, evidenced by a tendency of the
method to group long branches together, a concept known as
long-branch attraction. However, selection of substitution
models that are too simplistic to explain a dataset also leads to
long-branch attraction with distance, likelihood and Bayesian
methods (Yang and Rannala, 2012).
3. Maximum Likelihood methods
An algorithm based on the Maximum Likelihood principle
for reconstructing phylogenies using nucleotide sequence data
was developed by Felsenstein (1981). Later, the algorithm was
modified for amino acid sequence data by Kishino et al.
(1990). The method aims at finding a tree which maximizes
the probability of observing the data for a specific substitution
model (Nei and Kumar 2000; Bromham, 2008; Hall, 2008).
Phylogeny is inferred based on likelihood values and the topol-
ogy with the highest likelihood is selected (Nei and Kumar,
2000). The Maximum Likelihood function calculates branch
lengths by considering every possible nucleotide/amino acid
for each interior node (hypothetical ancestor) to maximize the
likelihood for each observed site. The probability of a topol-
ogy is the sum of the probabilities calculated for each site. For
easier computational handling, the probability (likelihood) is
expressed as a log likelihood (Hall, 2008). Given the data and
the model of substitution, the topology with the highest proba-
bility (log likelihood) is selected as the Maximum Likelihood
tree. At any point of the tree search, the tree that is kept by the
algorithm is the one with the highest likelihood among the
trees that were examined (Bromham, 2008). Since all sites in a
nucleotide/amino acid sequence are considered and analyzed,
and the number of alternative topologies to examine increases
drastically with increasing number of taxa, tree search is com-
putationally demanding and long processing times are
required. For example, 2,027,025 alternative trees should be
examined in case of a sample set of only ten taxa. Therefore,
heuristic search methods such as NNI and TBR can be applied.
Because the Maximum Likelihood method maximizes the
probability of an observed nucleotide/amino acid based on a
substitution model, the accuracy of the method is strongly
dependent on the selection of the most appropriate model.
An important shortcoming of the Maximum Likelihood
method is that it does not involve a parameter for tree topol-
ogy. In fact, the function does not actually estimate a topology
by maximizing the likelihood (Nei, 1987; Yang et al., 1995;
Nei, 1996). Instead, a Maximum Likelihood tree is selected
under the assumption that the topology with the highest Maxi-
mum Likelihood value is most likely to reflect the true phylog-
eny. It is important to note that the probability of choosing a
Maximum Likelihood tree with incorrect topology is high
when the rate of substitution varies significantly among line-
ages. In addition, the tree search may fail to find the best tree
by getting stuck in a local optimum of likelihoods (Bromham,
2008).
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4. Bayesian methods
Bayesian inference of phylogeny was first introduced in the
1990s (Rannala and Yang, 1996; Mau and Newton, 1997;
Yang and Rannala, 1997; Mau et al., 1999). Bayesian infer-
ence is similar to the Maximum Likelihood method in that
both methods examine and calculate the likelihood of possible
trees. However, unlike Maximum Likelihood, Bayesian meth-
ods sample trees from the tree space and do not calculate the
likelihood of all possible branch lengths per tree (Bromham,
2008). In addition, while Maximum Likelihood maximizes the
probability of observing the data given the tree and the substi-
tution model, Bayesian analysis maximizes the probability of
the tree, given the data and the model (Hall, 2008). Bayesian
inference is based on posterior (conditional) probabilities,
which means that, prior information (prior probability) about
the data is used to estimate the probabilities of the examined
trees. Markov chain Monte Carlo (MCMC) methods are used
for the approximation of the posterior probabilities of trees
(Huelsenbeck and Ronquist, 2001). MCMC starts with a ran-
dom tree (or a tree specified by the user) and proceeds by gen-
erations that involve modifications (moving a branch and/or
changing a branch length) and posterior probability ratio cal-
culations to decide on accepting or rejecting a tree. The chain
should eventually converge on a stable likelihood value, where
accepting or rejecting a tree becomes a random choice, imply-
ing that the best (equally likely) Bayesian trees are established
(Bromham, 2008; Hall, 2008). An advantage of Bayesian
inference is that, MCMC spends more time on the best trees,
as the probability that the chain moves from a tree with a high
posterior probability is not so likely (Bromham, 2008).
While the ability to incorporate prior knowledge into a tree
search algorithm is considered an advantage, it also stands as a
drawback. Posterior probability which is used in Bayesian sta-
tistics implies accepting a hypothesis without taking the data
into account. The fact that prior information affects the out-
come of the analysis makes it essential to avoid using inaccu-
rate priors. In phylogenetic applications of Bayesian inference,
lack of prior knowledge or lack of certainity about this knowl-
edge is solved by using uninformative priors that do not affect
the outcome of the analysis. Similar to Maximum Likelihood,
MCMC can get stuck in a local optimum of the tree space
(Bromham, 2008), thereby failing to find the best tree.
D. A Case Study Using the rbcL Gene
To illustrate the similarities and differences among the
methods described herein, nucleotide sequence data from the
plastid rbcL gene were analyzed in eight angiosperm species
and one gymnosperm. The angiosperm taxa included four
monocot species in the Poaceae: Avena sativa (oat), Hordeum
vulgare (barley), Oryza sativa (rice) and Triticum aestivum
(bread wheat) and four dicot species in the Solanaceae: Nicoti-
ana tabacum (tobacco), Solanum lycopersicum (tomato),
Solanum melongena (eggplant) and Solanum tuberosum
(potato). The gymnosperm taxon was Pinus ponderosa (Pon-
derosa pine) and was used as an outgroup. The sequences were
retrieved from the GenBank database. Unless otherwise
metioned, the MEGA computer program version 6.0 (Tamura
et al., 2013) was used for all analyses. The sequences were
aligned with ClustalW method and all positions containing
gaps and missing data were eliminated. Overall mean distance
among the sequences was 0.102, indicating that the data were
suitable for reconstruction of phylogenetic trees using the
methods described in this review.
The data were first analyzed with three distance methods:
UPGMA, Minimum Evolution and Neighbor Joining with
p-distance used for each. The UPGMA reconstruction
(Figure 2A) clustered the monocots and dicots separately, as
expected. However, within the solanaceous species, S. lyco-
persicum was most closely related to S. melongena. This is
contrary to what is known about Solanum evolutionary rela-
tionships. As mentioned previously, UPGMA is a very sim-
plistic algorithm and not a reliable phylogenetic method.
Therefore, it is not surprising that it failed to reconstruct the
correct topology with the rbcL sequence data. The Minimum
Evolution (Figure 2B) and Neighbor Joining (not shown) trees
had identical topologies which agreed with angiosperm evolu-
tion. These two trees had identical branch lengths and cor-
rectly placed the Pinus species as outgroup.
Maximum Parsimony was performed with the SPR search
option. This method returned three equally parsimonious trees
with the outgroup (Ponderosa pine) in the monocot cluster.
When the 70% consensus tree was rooted on the outgroup, the
monocot species showed the expected relationships; however,
the method failed to resolve the solanacous species (Fig-
ure 2C). This highlights a shortcoming of the Maximum Parsi-
mony method which uses only parsimony informative sites
and therefore, utilizes a smaller dataset than the other methods.
In this case study, the number of resulting nucleotides for anal-
yses after gap and missing data removal was 524, whereas the
number of parsimony informative sites (sites with at least two
types of nucleotides that are represented at least twice) was
80. The inability of the method to separate the Solanum spe-
cies may also be due to the fact that the rbcL gene is highly
conserved and has not undergone sufficient divergence to be
useful in Maximum Parsimony analysis.
Maximum Likelihood analysis was performed with the NNI
tree search option. Once the root was specified, this method
resulted in the same topology as Minimum Evolution and
Neighbor Joining (Figure 2B). Bayesian analysis was per-
formed with the MrBayes plugin of the Geneious computer
program version 8.1. (Kearse et al., 2012) by pre-defining the
root and applying the MCMC settings of 500,000 chain length,
100 subsampling frequency and 100,000 burn-in length. The
most probable tree reconstructed by this method was identical
to the Minimum Evolution, Neighbor Joining and Maximum
Likelihood trees (Figure 2B). Thus, four of the six methods
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used in this comparison gave the expected evolutionary rela-
tionships among the studied taxa. Because every method may
not reconstruct the same tree, it is common practice to analyze
a given dataset with several methods. Discrepancies among
topologies also highlight the usefulness of having independent
information about the relationships among the taxa under
study.
III. PLANT SEQUENCES FOR PHYLOGENETIC
ANALYSES
Over the last 20 years, developments in molecular phyloge-
netics have led to substantial progress in understanding evolu-
tionary relationships among plants (Wang et al., 2014).
Advances in DNA sequencing techniques have made it feasi-
ble to obtain whole genome or transcriptome sequences,
enabling fuller comparisons of the potential of plant genomes
for phylogenetic analysis (Zimmer and Wen, 2013). A geno-
mic region should meet certain criteria to be used for recon-
structing phylogenies. A target region should be standardized
to enable comparisons among a diverse range of taxonomic
groups. It should provide sufficient phylogenetic information
and, at the same time, flanking, conserved sequences should
be present to allow the design of universal primers that
robustly amplify the target from diverse taxonomic units (Tab-
erlet et al., 2007). The target should preferably be from a sin-
gle copy region to avoid problems due to paralogy (Chase
et al., 2005). While working with herbarium samples or fossil
remains, high copy number sequences (e.g. sequences from
the organellar genomes) have the advantage of improved tar-
get amplification from degraded DNA samples (Taberlet et al.,
2007).
A. Plastid Sequences
Despite differences in opinion regarding sequence choice, to
date, single copy regions of the plastid genome are the most
extensively used targets for reconstructing plant phylogenies.
The chloroplast genome has many desirable attributes for such
analyses including its relatively small size, conserved gene
F_IG. 2. Alternative topologies obtained by analyzing a dataset of nine plant rbcL nucleotide sequences with different tree reconstruction methods. A, Phyloge-
netic tree reconstructed with UPGMA method; B, Phylogenetic tree reconstructed with Minimum Evolution/Neighbor Joining/Maximum Likelihood/Bayesian
methods; C, Maximum Parsimony majority rule consensus tree.
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content and order, and high copy number in green plant cells
(Chase et al., 2007; Davis et al., 2014). The small size and con-
served gene order of the genome have enabled sequencing of
360 plant plastid genomes (Ruhfel et al., 2014). The high copy
number of the plastid genome in plant cells enables easy recov-
ery of DNA of sufficient quality and quantity for PCR and
sequencing. Conserved gene content and order allow the design
of standardized assays to amplify and sequence homologs of
the target from a diverse range of taxa. When selecting a target
for phylogenetic analysis, it is crucial that the sequence bears a
sufficient number of phylogenetically informative sites for com-
parison without losing the ability to perform an accurate align-
ment. The search for chloroplast sequences that are optimal for
phylogenetic inference started in the 1980s. In early work, the
rbcL gene, which encodes the large subunit of ribulose-1,5-
bisphosphate carboxylase/oxygenase (RuBisCO) was used (Tab-
erlet et al. 1991). However, due to a very high level of
sequence conservation, comparisons based on rbcL did not
always successfully resolve relationships among closely related
taxa. For example, in the Triticeae, rbcL could not resolve rela-
tionships among the genera Hordeum, Triticum and Aegilops
(Doebley et al., 1990; Gaut et al., 1992).
In the early 1990s, researchers focused on single copy, non-
coding regions of the chloroplast genome, mainly introns and
intergenic spacers in order to identify sequences with higher
rates of evolution (Taberlet et al., 1991; Gielly and Taberlet,
1994). Since then, the phylogenetic potential of other chloro-
plast sequences continues to be explored in order to establish
standardized protocols for analyses. For example, Shaw et al.
(2007) compared single copy chloroplast sequences within
Solanaceae (Atropa vs. Nicotiana), Fabaceae (Lotus vs. Medi-
cago) and Poaceae (Saccharum vs. Oryza) in order to deter-
mine the most variable regions. Among the 13 variable
regions detected, nine non-coding regions (rpl32-trnL(UAG),
trnQ(UUG)-5’rps16, 3’trnV(UAC)-ndhC, ndhF-rpl32, psbD-
trnT(GGU), psbJ-petA, 30rps16–50trnK(UUU), atpI-atpH, and
petL-psbE) were selected as the most informative sequences
for angiosperm phylogenetic inference at low taxonomic lev-
els. The authors suggested that this set of nine markers be
tested to determine the region/regions that meet the require-
ments to resolve the phylogeny of any given taxa.
Chase et al. (2007) proposed two alternative sets of sequen-
ces as a standard set for plant phylogenetic analysis. The first
set includes the intron maturase gene matK and two plastid
RNA polymerase genes, rpoCl and rpoB; the second set
includes the rpoCl and matK genes, and the psbA-trnH inter-
genic spacer. The performance of the plastid genes matK,
rpoC1, rpoB and rbcL, and the intergenic spacers trnH–psbA,
atpF–atpH and psbK–psbI were assessed for universality,
sequence quality and species discrimination (CBOL Plant
Working Group, 2009). When matK and rbcL genes were used
in combination, 72% of 550 species were discriminated and
100% were successfully assigned to their co-generic groups.
As a result of this work, the authors suggested that the two
genes in combination have potential for use as a universal
DNA barcode for land plants. In similar work, Dong et al.
(2012) examined whole chloroplast sequences of 12 genera
(Acorus, Aethionema, Calycanthus, Chimonanthus, Eucalyp-
tus, Gossypium, Nicotiana, Oenothera, Oryza, Paeonia, Popu-
lus and Solanum) and selected variable regions that were
present in at least three of the genera. Among the 23 variable
loci, four were coding regions, two were introns and 17 were
intergenic spacers. ycfI, a coding region of unknown function,
was the most variable region, however, the degree of sequence
variability prevented the design of universal primers. As evi-
denced by the relative numbers of variable sequence types (17
of the 23 variable regions are intergenic spacers), intergenic
regions of the chloroplast genome seem to harbor many prom-
ising loci for phylogenetic analysis.
Advances in next generation sequencing techniques have
resulted in the accumulation of whole plastid genome sequen-
ces which are readily accessible via the GenBank database
(Moore et al., 2007; Cronn et al., 2008; Parks et al., 2009;
Cronn et al., 2012; Straub et al., 2012; Huang et al., 2014;
Ruhfel et al., 2014). By taking advantage of complete plastid
genome sequences, it is now feasible to compare many regions
of the plastid genome in phylogenetic analysis. Following
such a strategy, Jansen et al. (2006) sequenced the Vitis vinif-
era plastid genome and retrieved plastid genome sequences of
27 angiosperms from the GenBank database. Their analysis
using 61 protein coding genes identified Vitaceae as the earli-
est diverging lineage of rosids. Moore et al. (2010) studied the
origin and evolutionary relationships among the major line-
ages of the Pentapetalae clade by comparative analysis of 83
plastid genes of 86 seed plant species. Nikiforova et al. (2013)
compared the chloroplast genomes of cultivated apple culti-
vars (Malus domestica) and wild Malus species. The results of
their work provided valuable insight into the history of apple
domestication. Ruhfel et al. (2014) assembled and compared
protein coding sequences of 78 plastid genes from 360 species
including angiosperms; gymnosperms; monilophytes; lyco-
phytes; liverworts; hornworts; mosses; and paraphyletic, strep-
tophytic and chlorophytic algae, in order to resolve
evolutionary relationships of green plants. While trees recon-
structed by different substitution models and sampling strate-
gies were consistent in most nodes, the inconsistent portions
of the tree across analyses highlighted the requirement for
additional molecular data, such as data from nuclear targets, to
resolve the divergence of certain lineages.
B. Mitochondrial Sequences
In animal phylogenetics, the mitochondrial coxI gene,
encoding cytochrome oxidase subunit I, is a widely accepted
standard target (Chase et al., 2005; Hollingsworth et al.,
2011). However, the mitochondrial genome seems to be not as
well-suited for plant phylogenetic analyses. Due to a high fre-
quency of rearrangements, gene order and content of the plant
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mitochondrial genome is poorly conserved across plants (Duff
and Nickrent, 1999; Knoop, 2004; Knoop et al., 2011; Grewe
et al., 2014). In addition, horizontal gene transfer among plant
mitochondrial genomes is more common compared to plastid
and nuclear genomes (Bergthorsson, 2003; Sanchez-Puerta
et al., 2008; Sanchez-Puerta et al., 2011; Xi et al., 2013). Hor-
izontal transfer of the coxI group I intron among angiosperms,
accompanied by coconversion of the flanking exons, is a well-
established example of this phenomenon in the plant mito-
chondrial genome (Sanchez-Puerta et al., 2008; Sanchez-
Puerta et al., 2011). Moreover, the rate of sequence evolution
in plant mitochondrial genome is significantly low (Wolfe
et al., 1987; Drouin et al., 2008; Galtier, 2011; Davis et al.,
2014). Calculations based on synonymous substitution rates
showed that sequence evolution of the mitochondrial genome
is three times slower than that of the chloroplast genome and
ten times slower than that of the nuclear genome (Drouin
et al., 2008). Due to the above-listed attributes, the mitochon-
drial genome is less favored compared to the plastid and
nuclear genomes for plant phylogenetic analyses. In addition
to the problems related to low sequence divergence and high
rates of rearrangements and horizontal gene transfer, an impor-
tant consideration while working with mitochondrial sequen-
ces should be the high frequency of RNA editing sites in the
mitochondrial genes. While editing also occurs in nuclear and
plastid genomes, it is more prominent in the mitochondrial
genome (Knoop, 2011). For example, 200 to 500 cytidine-to-
uridine RNA editing sites exist in the angiosperm mitochon-
drial genome vs 30 to 50 such sites in its chloroplastic counter-
part (Oldenkott et al., 2014). In addition, RNA editing in
mitochondria is not limited to protein coding sequences, but is
also pronounced for tRNAs, introns, and 5’ and 3’ untranslated
sequences (Malek et al., 1996; Grewe et al., 2014). Hence,
while working with mitochondrial sequences, comparisons at
the cDNA or peptide level are likely to produce more accurate
results. Nevertheless, mitochondrial genes including cyto-
chrome oxidase subunits (Hiesel et al., 1994; Malek et al.,
1996; Parkinson et al., 1999; Sanchez-Puerta et al., 2008;
Sanchez-Puerta et al., 2011; Zeng et al., 2010; Liao et al.,
2013; Sha et al., 2014), NADH dehydrogenase subunits (San-
jur et al., 2002), atpA (alpha subunit of mitochondrial ATP
synthase) (Barkman et al., 2000; Seberg et al., 2012), matR
(intron encoded maturase R) (Barkman et al., 2000), small
subunit (19S) ribosomal DNA (Duff and Nickrent, 1999) and
rps genes that encode ribosomal proteins (Bergthorsson,
2003), have been used for resolving plant phylogenies. More
recently, researchers are reporting the use of large sets of plant
mitochondrial genes in evolutionary studies (Xi et al., 2013;
Grewe et al., 2014; Liu et al., 2014).
C. Nuclear Sequences
When employing nuclear genes in phylogenetic analyses, it
is necessary to have knowledge about hybridization,
introgression and polyploidization events (Duarte et al.,
2011). Moreover, complex patterns of orthology and paralogy,
resulting from high rates of gene duplication and deletion
should be taken into consideration. Nuclear ribosomal DNA,
especially the internal transcribed spacer (ITS) region of the
18S–5.8S–26S nuclear ribosomal cistron, is a widely used tar-
get in evolutionary studies (Poczai and Hyvonen, 2010). How-
ever, using ribosomal DNA (rDNA) for plant phylogenetic
inference has certain drawbacks and its appropriateness for
phylogenetic analysis is questionable. For example, while
using rDNA sequences such as ITS, distinguishing orthologs
from paralogs is problematic. Ribosomal genes are found as
tandem arrays in the nuclear genome and a typical plant
genome harbors thousands of such arrays. For example, the
Arabidopsis genome has 1400 ribosomal RNA coding genes
located as arrays on different chromosomes (Poczai and Hyvo-
nen, 2010). Multiple arrays of rDNA are introduced into plant
genomes during evolution by hybridization, polyploidization,
gene/chromosome segmental duplication and recombination
events (Alvarez and Wendel, 2003). While concerted evolu-
tion acts to homogenize multiple ribosomal gene copies
among and within the arrays (Buckler et al., 1997), sequence
divergence always occurs and orthology is not fully main-
tained. Therefore, rDNA sequences isolated for comparison
are a mixture of paralogs and orthologs which makes their use
in phylogenetic inference error-prone (Alvarez and Wendel,
2003; Poczai and Hyvonen, 2010), as accurate phylogenetic
reconstructions require comparison of orthologs, not paralogs.
The use of rDNA in phylogenetics is also problematic due to
the technical aspects of amplifying multigene families, includ-
ing, possible isolation of different sequence variants from the
same sample depending on amplification conditions and the
problem of obtaining clean, reliable sequences from a mixture
of divergent copies (Hollingsworth et al., 2011).
In order to circumvent the problem of amplifying paralogs
or non-functional pseudogenes while targeting nuclear genes
from multigene families, single or low copy nuclear genes
have been identified for use in evolutionary studies (Zimmer
and Wen, 2013). Alcohol dehydrogenase (Fukuda et al. 2005),
b-amylase (Rajapakse et al. 2004), Chalcone synthase (Inda
et al., 2010), Cycloidea (Marten Rodriguez et al., 2010),
Granule-bound starch synthase I (Mason Gamer, 2008), Chlo-
roplast-expressed glutamine synthetase (Clarkson et al.,
2010), LEAFY (Kim et al., 2010), and DNA-directed RNA
polymerase II subunit B (Sun et al., 2010) are examples of
low copy nuclear genes that have been identified as potentially
useful targets for plant phylogenetic studies.
Thanks to the reduced costs, improved speed and massive
data output of DNA sequencing, complete or almost complete
sequences of nuclear genomes and transcriptomes are accumu-
lating in databases. Thus, it is becoming possible to investigate
near-entire genomes of organisms to find single copy nuclear
targets or to compare thousands of loci at a time for phyloge-
netic inference (Zimmer and Wen, 2013). In addition to
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enabling the comparison of a large number of loci, retrieving
sequences from public databases greatly reduces the cost of
such analyses. Duarte et al. (2011) performed a comparative
analysis of the complete genome sequences of Arabidopsis
thaliana, Populus trichocarpa, Vitis vinifera and Oryza sativa
in order to detect shared, single copy sequences. Their analysis
identified 959 potentially useful, single copy genes. EST
(Expressed Sequence Tag) sequences from 69 plant species
were retrieved from public databases for 13 of the identified
loci. The phylogeny reconstructed using these single copy,
nuclear genes in combination, was largely concordant with
studies performed using single (Hilu et al., 2003) or multiple
(Jansen et al., 2007) plastid genes and work based on the com-
bined use of plastid and nuclear ribosomal DNA targets (Soltis
et al., 2000). Using publicly available EST sequences, Bur-
leigh et al. (2011) constructed a total of 18,896 gene trees
with a variable number of taxa (a minimum of three taxa) rep-
resented by each tree. By employing a gene tree parsimony
approach that utilized the topology data of the 18,896 trees, a
consensus phylogeny was reconstructed that represented all of
the 136 species sampled in the gene trees. While the indirect
use of sequence alignment data yielded results that were con-
sistent with studies based on direct sequence alignments (Sol-
tis et al., 2000; Hilu et al., 2003; Jansen et al., 2007), the
authors indicated that, data from at least 1000 genes were
required to obtain sufficient statistical (bootstrap) support for
their analysis. In another recent study, the complete genome
sequences of Arabidopsis thaliana, Oryza sativa, Populus tri-
chocarpa, Vitis vinifera and Physcomitrella patens, along with
EST sequences from 145 other plant species were used to
determine a set of orthologous sequences (22,833 orthologs)
for phylogenetic analysis (Lee et al., 2011). A functional phy-
logenomics approach was employed to identify candidate
genes associated with plant diversification and adaptation.
This study produced interesting results such as the significant
representation of RNA interference mechanism genes in the
pool of candidates for angiosperm and gymnosperm diver-
gence. Moreover, genes associated with salt/drought tolerance
and oxygen radical detoxification were also found to be rele-
vant in plant diversification.
IV. CONCLUSIONS
While comparative morphological and physiological analy-
ses have long been used for phylogenetic inference, advances
in molecular biology enable comparison at the molecular
level. The use of molecular data for phylogenetic inference
compensates for the various shortcomings of morphology
based approaches. There are several statistical models
designed to explain changes in protein and DNA sequences.
Correct model choice and the appropriate phylogeny recon-
struction method are expected to lead to the most accurate
phylogenetic reconstructions. However, it is important to
remember that selection of the most appropriate model and
reconstruction method should be guided by preliminary
knowledge of the evolutionary relationships among taxa based
on morphology and physiology. Thus, combined approaches
that initially employ morphological and physiological compar-
isons prior to molecular phylogenetic analysis are more likely
to produce the most accurate phylogenies. Molecular data
have been extensively used in plant phylogenetics over the last
two decades and plant molecular geneticists have identified
several regions in nuclear and plastid genomes that enable
reconstruction of consistent phylogenies across different stud-
ies. As a result of the advances in high throughput DNA
sequencing technologies, comparative analysis of entire
genomes has become feasible and it is rational to anticipate
that genome wide comparisons will become a routine in plant
phylogenetics.
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